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Determining the tempo and mode of non-avian dinosaur
extinction is one of the most contentious issues in
palaeobiology. Extensive disagreements remain over whether
their extinction was catastrophic and geologically instantaneous
or the culmination of long-term evolutionary trends. These
conflicts have arisen due to numerous hierarchical sampling
biases in the fossil record and differences in analytical
methodology, with some studies identifying long-term declines
in dinosaur richness prior to the Cretaceous–Palaeogene (K-Pg)
boundary and others proposing continued diversification. Here,
we use Bayesian phylogenetic generalized linear mixed models
to assess the fit of 12 dinosaur phylogenies to three speciation
models (null, slowdown to asymptote, downturn). We do not
find strong support for the downturn model in our analyses,
which suggests that dinosaur speciation rates were not in
terminal decline prior to the K-Pg boundary and that the clade
was still capable of generating new taxa. Nevertheless, we
advocate caution in interpreting the results of such models, as
they may not accurately reflect the complexities of the
underlying data. Indeed, current phylogenetic methods may
not provide the best test for hypotheses of dinosaur extinction;
the collection of more dinosaur occurrence data will be
essential to test these ideas further.
1. Introduction
Dinosaurs were the most conspicuous members of late Mesozoic
terrestrial ecosystems until the impact of an approximately 10 km
wide meteorite caused the extinction of all non-avian dinosaur










Figure 1. The three models used in this study. (a) The null model, where node count is a linear function of time elapsed; (b) the
slowdown to asymptote model, where node count is a function of √time elapsed and (c) the downturn model, where node count





globally devastating and were caused by an ejecta blanket of dust and debris that encircled the Earth and
cooled global temperatures by up to 10°C for decades, alongside themore immediate effects ofwildfires and
tsunamis in areas proximal to the impact [2,5–7].
Determining trends inMesozoic dinosaur species-richness immediately prior to the K-Pg boundary is a
contentious issue and has been the focus of numerous previous studies (e.g. [3,8–10]). Many different
hypotheses have been proposed, but there are currently three schools of thought. The first, reviewed
extensively by Brusatte et al. [3], suggests that there is little evidence for a global downturn in dinosaur
speciation rates prior to the K-Pg boundary. The second, reviewed by Sarjeant & Currie [11], Barrett et al.
[12] and Archibald [13], suggests a decline on the timescale of hundreds of thousands or several millions
of years related to non-bolide factors such as Deccan flood volcanism [10,14,15]. Finally, and most
recently, Sakamoto et al. [16] proposed that dinosaurs were in global decline with falling speciation rates
up to 35 Myr before the end-Cretaceous extinction and that non-avian dinosaurs were on a long-term
trajectory toward extinction regardless of other external environmental factors. Nevertheless, proponents
of all three hypotheses found evidence for continued high speciation rates among ceratopsid and
hadrosaurid ornithischians in the latest Cretaceous compared to those in other dinosaur groups [3,16].
Prior to the bolide impact, the Late Cretaceous was a turbulent time in Earth history, featuring vast
effusive volcanic eruptions [17] and major changes in global temperature and sea level [18–22]. Although
it is possible that these environmental changes would have impacted long-term diversity trends in
dinosaurs—on both global and local scales—the Mesozoic dinosaur record is too patchily distributed
in time and space to provide the resolution necessary to test many of these hypotheses [3]. Moreover,
a recent niche-modelling approach has indicated that changing climates might have had far less
influence on non-avian dinosaur extinction than previously thought [10].
Reconstruction of past diversity patterns is difficult, as the ‘raw’ patterns of taxonomic diversity
gleaned from the fossil record are subject to many hierarchical biases, ranging from initial fossilization
potential, through the availability of fossiliferous rock outcrop, to anthropic collection biases (e.g.
[23–28], also see [29]). Different methods have been applied in attempts to correct for these factors,
including subsampling techniques (rarefaction, shareholder quorum subsampling and TRiPs) and
comparisons of diversity with collections-related proxies (e.g. amount of outcrop area, numbers of
fossil-bearing localities), with substantial disagreement over the patterns recovered (e.g. [3,8,9,12,30–32]).
Sakamoto et al. [16] proposed a new approach for examining the diversity dynamics of Late
Cretaceous dinosaurs, eschewing the traditional approaches based on taxon counting and focusing
instead on speciation rates across dinosaur phylogeny. They extracted the node count, i.e. the number
of nodes from the root to the tip, and time elapsed, i.e. the root to tip distance in Myr, for each taxon
included within two published dinosaur supertrees [33,34]. The authors then investigated how node
count changed through time using three models: (i) a null model, where node count was modelled as
a linear function of the time elapsed from root to tip (figure 1a), indicating no slowdown in speciation
rate; (ii) a slowdown to asymptote model, where node count was modelled as a function of the square
root of time elapsed from root to tip (figure 1b), indicating an initial reduction in the speciation rate
prior to levelling off to a stable level, and (iii) a downturn or speciation slowdown model, where node
count was modelled as a function of time elapsed from root to tip and its quadratic term (figure 1c),
indicating a continual downturn in speciation rates. Sakamoto et al. [16] found evidence for the




3with the exceptions of Hadrosauriformes and Ceratopsidae. They concluded that dinosaurs experienced
a long-term decline in speciation rates throughout the Cretaceous prior to the extinction of all non-avian
taxa at the K-Pg boundary, with the onset of this decline occurring approximately 100 Ma in the ‘mid’-
Cretaceous, up to 35 Myr prior to the bolide impact.
However, several lines of evidence undermine this conclusion. First, Hadrosauriformes and
Ceratopsidae (representing approximately 14% of all genera included in their study) showed rapid
species proliferation throughout the Late Cretaceous, suggesting that not all dinosaurs were declining
prior to the K-Pg boundary [16] (see also [3]). Second, the level of support for the downturn model
varied depending on which supertree was used and how the supertrees were dated, with the Lloyd
et al. [34] supertree best fitted by a slowdown to asymptote model in most analyses rather than a
downturn [16]. Third, the two dinosaur supertrees used in the analyses were based on phylogenetic
hypotheses constructed prior to 2013 [33,34]. Since then there has been extensive phylogenetic work
on various dinosaur sub-clades that were undersampled in these supertrees (e.g. [35–37]), and it is
possible that the inclusion of these taxa may affect the results of these analyses. Fourth, some of the
methodological choices made in fitting and selecting the models may have been intrinsically biased
towards selecting the downturn model (see Materials and methods). Finally, ecological niche
modelling suggests that the amount of habitable area available to Late Cretaceous dinosaurs did not
decline during this interval (and may have increased), raising the possibility that these communities
are taxonomically undersampled and were probably richer than currently recognized [10].
Here, we test whether non-avian dinosaurs were in long-term decline prior to the K-Pg boundary by
using recently published dinosaur phylogenies and Bayesian phylogenetic generalized linear mixed
models (GLMMs) to assess their fit to the three speciation models discussed above (figure 1). We do
not find strong support for the downturn model in our analyses, which suggests that dinosaurs were
not declining prior to the K-Pg boundary or, if they were, we cannot confidently detect this signal
with phylogenetic data alone.2. Materials and methods
2.1. Phylogenetic trees
Sakamoto et al. [16] used the dinosaur supertrees of Benson et al. [33] (number of taxa [n] = 614) and
Lloyd et al. [34] (n = 420), including two subtly different versions of the Benson et al. [33] supertree,
which reflect differences in hypotheses of sauropod inter-relationships. Each of these trees was dated
using either the midpoint date, first occurrence date (FAD) or last occurrence date (LAD) for each
taxon taken from Benson et al. [33] and Lloyd et al. [34], resulting in nine dated trees. We used all of
these trees to enable comparisons between our results and those presented by Sakamoto et al. [16].
We expanded this comparison by using an additional set of nine recently published non-avian
dinosaur phylogenies that include representation of all the major clades present during the late
Mesozoic, including thyreophorans [37–39] (n = 23, 50 and 57, respectively), ceratopsians [40] (n = 27
and 30, respectively), hadrosauriforms [41] (n = 62), sauropods [36,42] (n = 87 and 76, respectively) and
theropods [35] (n = 141). We used TNT v. 1.5 [43] with the search settings of the original analysis to
produce consensus trees from each (see electronic supplementary material, Methods for more details).
We used the same methods used in these papers to infer the trees, as our aim was to recreate these
published trees, not to provide new phylogenetic inferences. These trees were then time-scaled using
the R package paleotree v. 3.1.0 [44], incorporating uncertainty by sampling taxon ages randomly
from a uniform distribution between their maximum and minimum possible ages. We chose this
protocol for consistency with the dated trees in Sakamoto et al. [16]. Maximum and minimum possible
ages came from the Paleobiology Database (data downloaded 2 April 2019 using the group names
‘Ornithischia’, ‘Sauropoda’ and ‘Theropoda’, and the following parameters: Taxonomic rank = genera
and below, Taxonomic status = accepted names and junior synonyms, Additional output blocks = age
range overall). Zero-length branches were lengthened by imposing a minimum branch duration of
1 Myr; [45] (see electronic supplementary material for analyses ensuring that this procedure did not
bias the root ages of the trees towards being too old). Because this procedure randomly samples taxon
ages, we exported 100 dated trees for each tree and ran our models (see below) on each. In total, we





42.2. Node counts and time elapsed
We extracted node counts for each taxon in each of our 909 trees using the ‘nodepath’ function within the
‘ape’ R package [46]. Node count is the number of nodes from the root to the tip for each taxon. Time
elapsed (Myr) was extracted using the ‘picante’ R package [47]. Time elapsed is the root to tip
distance for each taxon.
2.3. Model fitting
We used the same three models described in Sakamoto et al. [16] and discussed in the Introduction. These
were (i) the null model, with node count modelled as a linear function of time elapsed from root to tip
(figure 1a; nodecount = f(time elapsed)), (ii) the slowdown to asymptote model, with node count
modelled as a function of the square root of time elapsed from root to tip (figure 1b; nodecount =
f(√time elapsed)), and (iii) the downturn model, with node count modelled as a function of time
elapsed from root to tip and its quadratic term (figure 1c; nodecount = f(time elapsed + time
elapsed2)). Defining the theoretical value for the node count when no time has elapsed is not
straightforward. The trees have no tips at t0, meaning that node count will be zero; however, because
the tree has a root node, there is technically a node count of 1. We therefore fitted models where the
intercept is estimated (following Sakamoto et al. [16]), with the intercept set to zero, and with the
intercept set to 1.0, to determine how this influenced our results.
We then fitted the models as Bayesian phylogenetic GLMMs in the R package MCMCglmm [48]. The
response variable, node count, is a count so models were fitted with Poisson errors. As closely related
species must have more similar node count values than distantly related species, we included the
phylogeny (as the inverse of the phylogenetic variance-covariance matrix) as a random effect to
account for this phylogenetic autocorrelation. We ran each MCMCglmm model for 5 × 105 iterations
sampling at every 1000 iterations and discarding the first 5 × 104 iterations as burn-in. We used the
default priors for MCMCglmm (μ = 0 and V = I × 1010 for fixed effects and parameter expanded priors,
and V = 1, ν = 1, αμ = 0 and αV = 252 for the phylogenetic random effects). All models had a mean
effective sample size (ESS; estimated using the R package coda; [49]) of greater than 200.
We fitted each of the three models to all of our 909 trees (figure 1), with intercepts set either to zero
(see above) or with estimated intercepts (following Sakamoto et al. [16]), or with intercepts set to 1.0 (see
above). For each model, we extracted the deviance information criterion (DIC) and used this to identify
the ‘best’ model for each tree, defined as the model with the smallest DIC value, and a difference in DIC
of 4 units. Models with less than 4 units difference were not considered to be different. Note that this
differs from the procedure of Sakamoto et al. [16], which used the significance of the model
parameters (time, time elapsed2 or √time elapsed) to choose between models where the difference in
DIC was less than 4 units. We feel that our procedure is a potentially fairer test between models, as
quadratic terms are almost always significant and would thus lead to the downturn model (figure 1c)
being preferentially selected over either the null (figure 1a) or slowdown to asymptote models
(figure 1b) even in cases where model fit was similar. For models with estimated intercepts, we also
extracted the posterior means of the intercepts to examine how these varied.
All analyses used R v. 3.6 [50] and reproducible scripts are available on GitHub (https://github.com/
nhcooper123/dino-trees/ [51]). The data required to rerun our analyses can be found in the NHM Data
Portal (https://dx.doi.org/10.5519/0034257) [52].3. Results
The best model varied between trees, between differently dated versions of the same tree, and on the
basis of whether intercepts were estimated, set to zero, or set to 1.0 (figures 2 and 3; electronic
supplementary material, tables S1–S3 and figures S1–S4). In models where intercepts were estimated
(figures 2 and 3; electronic supplementary material table S1), 100 (11%) of our 900 new trees
unambiguously favoured the downturn model, none unambiguously favoured the slowdown to
asymptote model and 24 (3%) favoured either the downturn or the slowdown to asymptote model.
No trees favoured the null model and 776 (86%) did not favour any model at all (figure 3). The Lloyd
et al. [34] supertree and both versions of the Benson et al. [33] supertree favoured either the downturn
or the slowdown to asymptote model (figure 3; electronic supplementary material, table S1). The






















































































































































































































Figure 2. (a–l) DIC for the three models ( figure 1) for each of 900 trees in this study, plus nine trees from Sakamoto et al. [16]
with intercepts estimated. Horizontal lines show the length of 4 DIC units (note that the x-axis differs on each plot), the difference
required for one model to be preferred over another. The y-axis is smaller in the first three panels as these show results from
models fitted to three trees only whereas the later panels used 100 trees (see text). Panels are ordered based on the dinosaur
group in each tree as follows Dinosauria: [33] (two trees) and [34] Ornithischia: [37–41,53], Sauropodomorpha: [36,42],






Our analyses where intercepts were estimated produced qualitatively identical best model results for
the Benson et al. [33] and Lloyd et al. [34] trees (see electronic supplementary material, table S4 and S01 in
Sakamoto et al. [16]), indicating that the differences between our results and theirs were not due to errors
in interpreting their methods.
For models where intercepts were set to zero (electronic supplementary material, figures S1 and S2;
table S2), 207 (23%) of our 900 new trees unambiguously favoured the downturn model, 186 (21%)
unambiguously favoured the slowdown to asymptote model and 472 (52%) favoured either the
downturn or the slowdown to asymptote model. No trees favoured the null model and 35 (4%)
favoured no model at all (electronic supplementary material figure S1; and table S2). All three Lloyd
et al. [34] supertrees unambiguously favoured the slowdown to asymptote model, as did three of the
Benson et al. [33] supertrees. One Benson et al. [33] supertree unambiguously favoured the downturn
model and the remaining two Benson et al. [33] supertrees favoured either the downturn or the


















































Figure 3. The ‘best’ model (figure 1) based on ΔDIC greater than 4 units for each of 900 trees in this study, plus nine trees from
Sakamoto et al. [16], with intercepts estimated. Bars are grouped based on the dinosaur group in each tree as follows. Dinosauria:
[33] (two trees) and [34]. Ornithischia: [37–41,53], Sauropodomorpha: [36,42], Theropoda: [35]. Silhouettes are from PhyloPic.org:





For models where intercepts were set to 1.0 (electronic supplementary material, figures S3 and S4 and
table S3), 183 (20.3%) of our 900 new trees unambiguously favoured the downturn model, 209 (23.2%)
unambiguously favoured the slowdown to asymptote model and 469 (52.1%) favoured either the
downturn or the slowdown to asymptote model. No trees favoured the null model and 39 (4.33%)
favoured no model at all (electronic supplementary material figure S3; and table S3). All three Lloyd
et al. [34] supertrees unambiguously favoured the slowdown to asymptote model, as did three of the
Benson et al. [33] supertrees. One Benson et al. [33] supertree unambiguously favoured the downturn
model and the remaining two Benson et al. [33] supertrees favoured either the downturn or the
slowdown to asymptote model (electronic supplementary material figure S4; and table S3).4. Discussion
In general, our results agree with those of Sakamoto et al. [16] but we disagree in our interpretation of
those results. As described above, Sakamoto et al. [16] selected their best models based on a DIC number
of at least 4 units difference. If, however, two models had similar DIC values they selected the best of
these using the significance of the model parameters (time, time elapsed2 or √time elapsed). Because
these quadratic terms were generally significant this led to their favouring the downturn model over the
other two models in these ambiguous cases, potentially leading them to overstate the success of the
downturn model. While this is a valid methodological choice, and differences in opinion about model
selection procedures are common, we argue that as their selection of the downturn model as the ‘best’
model was methodologically equivocal it is unfair to say there is ‘overwhelming support’ for a
downturn in dinosaur speciation rates prior to the Late Cretaceous [16, p. 5036]. Our conclusions also
appear to be sensitive to the choice, or estimation, of intercepts in the models. Here, we advocate caution
in interpreting the results of such models, as they may not accurately reflect the complexities of the
underlying data.
Using the various combinations of trees, dating protocols and intercept assumptions listed above, we
fitted a total of 2727 speciation models. Of these, only 518 (approx. 19%) unambiguously favoured the
downturn model (figure 1c) that would be indicative of a continual downturn in dinosaur speciation
rates before the K-Pg boundary. In particular, the sauropod tree of Carballido et al. [36] consistently
favoured the downturn model, perhaps due to the choice and chronostratigraphic range of the taxa




7downturn and the slowdown to asymptote model were equally well supported as indicative of the
downturn model alone, just over half of our models (approx. 55%) support the hypothesis that
dinosaurs were in terminal decline during the latest Cretaceous or the rest of the Mesozoic Era.
Instead, our results suggest that although some groups of dinosaurs may have experienced declining
speciation rates before the K-Pg boundary, others did not, and it was not the prevalent pattern within
the clade. Hence, we are sceptical that the roots of non-avian dinosaur extinction were based in the
mid-Cretaceous (contra [16]), but suggest instead that dinosaur diversity would have remained high
through the Late Cretaceous although taxon richness would have varied on a clade-by-clade basis.
A recent study by Chiarenza et al. [10] provides further support to our conclusions on the basis of
climatic and ecological niche modelling. These authors found that the amount of habitable space for
North American dinosaurs did not decline during the Late Cretaceous (and may, in fact, have
increased slightly) but that the amount of fossiliferous rock outcrop available for this extended region
is relatively small. Hence, they concluded that these communities are probably undersampled and
were probably much richer than currently thought [10]. Their conclusion is also supported by other
analyses that suggest small-bodied dinosaurs in particular are poorly sampled, even in those Late
Cretaceous faunas that are thought to be the best-known [54]. In addition, other work on dinosaur
morphological disparity and taxon richness finds that although some clades decreased in diversity at
this time others maintained or increased diversity [3,55]. These palaeoecological, taphonomic and
diversity-based approaches complement our phylogenetically based results and suggest an emerging
consensus that supports the long-term maintenance of Late Cretaceous dinosaur richness, rather than
models of extended decline. Our results emphasize the fact that the dinosaur fossil record suffers from
numerous gaps and biases, and that any apparent decline in diversity could be due to systemic
sampling errors. Nevertheless, even among these broadly consilient results, differences in reported
pattern still require investigation. For example, Brusatte et al. [3] and Dean et al. [28] rejected a global
long-term decline prior to the K-Pg boundary but found evidence for declines in species-richness and
disparity at the end of the Cretaceous, Lloyd [30] found a long-term decline in sauropod and
ornithischian diversity through the Cretaceous, and Barrett et al. [12] recovered evidence for negative
trends in theropod and ornithischian diversity during the last two stages of the Cretaceous but
identified a radiation of Late Cretaceous sauropodomorphs. These differing results highlight the need
to increase the density and spatio-temporal scope of taxon sampling for these clades and to combine
detailed, stratigraphically controlled, regional-level analyses to provide a truly holistic picture of the
biotic changes that occurred during this critical interval.
Finally, we posit that although phylogenies can be very useful in resolving long-running evolutionary
debates [56,57], they may not always solve all of the problems that remain. For example, a recent study
found no correlation between rates of dinosaur morphological evolution and extinction, which suggests
that analyses based on existing phylogenetic datasets might not be useful for addressing the question of
non-avian dinosaur extinction [58]; however, this result may also indicate inaccuracies in the calculation
of phenotypic diversification rates. In addition, the quality of the fossil record is generally poor for many
groups, as it is spatially and temporally patchy, and gives a biased reflection of reality (e.g. [59,60]). For
example, querying the Paleobiology Database (PBDB, accessed on 16 June 2020, using the group name
‘Dinosauria’ and time intervals = Cretaceous) shows a steep drop in sampled dinosaur genera from
the Cenomanian (approx. 100 Ma) through to the end of the Santonian (approx. 83.6 Ma). This trend
is relatively unstudied and represents a global lack of terrestrial fossil-bearing localities from this time
that is due to high sea-level stands (see also [9,12]); such gaps might be difficult to fill due to
genuinely low opportunities for fossil recovery. Conversely, the past three decades have witnessed a
dramatic increase in the rates of new dinosaur species being discovered annually (with more than 50
per year since the 2000s; [55]), improvements in the accuracy of stratigraphical dating techniques [61]
and the application of new analytical techniques that have enabled modern researchers to refine their
taxonomic methods. We may never know the true levels of speciation and extinction of Mesozoic
dinosaurs, but an increased focus on filling gaps in the fossil record will be the primary way in which
palaeontologists will continue to build a more accurate picture of past dinosaur diversity.Data accessibility. All data required to rerun our analyses can be found in the NHM Data Portal [52] (https://doi.org/10.
5519/0034257), and reproducible scripts are available on GitHub (https://github.com/nhcooper123/dino-trees/ [51]).
Authors’ contributions. J.A.B., P.M.B. and N.C. designed the study and wrote the manuscript; J.A.B. and T.J.R. collated the
data; J.A.B. and N.C. ran the analyses, and all authors critically revised and approved the final manuscript.
Competing interests. We declare we have no competing interests.
royalsociet
8Funding. J.A.B. is funded by a Leverhulme Trust PhD Research Grant (RL-2016-036) and Departmental Investment
Funds (Earth & Life Sciences), Natural History Museum, London. T.J.R. is funded by a University of Brighton
Science Scholarship.
Acknowledgements. Thanks to Manabu Sakamoto for sharing his R code, and two anonymous reviewers for their
constructive comments. We thank the Willi Hennig society for enabling the free use of TNT.ypublishing.oReferences rg/journal/rsos
R.Soc.Open
Sci.7:2011951. Alvarez LW, Alvarez W, Asaro F, Michel HV. 1980
Extraterrestrial cause for the Cretaceous-Tertiary
extinction. Science 208, 1095–1108. (doi:10.
1126/science.208.4448.1095)
2. Schulte P et al. 2010 The Chicxulub asteroid
impact and mass extinction at the Cretaceous-
Paleogene boundary. Science 327, 1214–1218.
(doi:10.1126/science.1177265)
3. Brusatte SL et al. 2015 The extinction of the
dinosaurs. Biol. Rev. Camb. Phil. Soc. 90,
628–642. (doi:10.1111/brv.12128)
4. Chiarenza AA, Farnsworth A, Mannion PD, Lunt
DJ, Valdes PJ, Morgan JV, Allison PA. 2020
Asteroid impact, not volcanism, caused the end-
Cretaceous dinosaur extinction. Proc. Natl Acad.
Sci. USA 117, 17084–17093. (doi:10.1073/pnas.
2006087117)
5. Kaiho K, Oshima N, Adachi K, Adachi Y,
Mizukami T, Fujibayashi M, Saito R. 2016 Global
climate change driven by soot at the K-Pg
boundary as the cause of the mass extinction.
Sci. Rep. 6, 28427. (doi:10.1038/srep28427)
6. Gulick SPS et al. 2019 What has chicxulub
taught us about large impact processes and
mass extinction? LPI Contributions 2136, 5114.
7. Artemieva N, Morgan J. 2020 Global K-Pg layer
deposited from a dust cloud. Geophys. Res. Lett.
47, 289. (doi:10.1029/2019GL086562)
8. Wang SC, Dodson P. 2006 Estimating the
diversity of dinosaurs. Proc. Natl Acad. Sci. USA
103, 13 601–13 605. (doi:10.1073/pnas.
0606028103)
9. Upchurch P, Mannion PD, Benson RBJ. 2011
Geological and anthropogenic controls on the
sampling of the terrestrial fossil record: a case
study from the Dinosauria. Geol. Soc. 358,
209–240.
10. Chiarenza AA, Mannion PD, Lunt DJ, Farnsworth
A, Jones LA, Kelland S-J, Allison PA. 2019
Ecological niche modelling does not support
climatically-driven dinosaur diversity decline
before the Cretaceous/Paleogene mass
extinction. Nat. Commun. 10, 1091. (doi:10.
1038/s41467-019-08997-2)
11. Sarjeant WAS, Currie PJ. 2001 The ‘Great
Extinction’ that never happened: the demise of
the dinosaurs considered. Can. J. Earth Sci. 38,
239–247.
12. Barrett PM, McGowan AJ, Page V. 2009 Dinosaur
diversity and the rock record. Proc. R. Soc. B
276, 2667–2674. (doi:10.1098/rspb.2009.0352)
13. Archibald JD. 2014 What the dinosaur record
says about extinction scenarios. Geol. Soc. Am.
Spec. Pap. 505, 213–224.
14. Fastovsky DE, Huang Y, Hsu J, Martin-
McNaughton J, Sheehan PM, Weishampel DB.
2004 Shape of Mesozoic dinosaur richness.
Geology 32, 877–880. (doi:10.1130/G20695.1)15. Fastovsky DE, Sheehan PM. 2005 The extinction
of the dinosaurs in North America. GSA Today
15, 4–10. (doi:10.1130/1052-5173(2005)15<4:
TEOTDI>2.0.CO;2)
16. Sakamoto M, Benton MJ, Venditti C. 2016
Dinosaurs in decline tens of millions of years
before their final extinction. Proc. Natl Acad. Sci.
USA 113, 5036–5040. (doi:10.1073/pnas.
1521478113)
17. Chenet A-L, Courtillot V, Fluteau F, Gérard M,
Quidelleur X, Khadri SFR, Subbarao KV,
Thordarson T. 2009 Determination of rapid
Deccan eruptions across the Cretaceous-Tertiary
boundary using paleomagnetic secular variation:
2. Constraints from analysis of eight new
sections and synthesis for a 3500-m-thick
composite section. J. Geophys. Res.
[Solid Earth] 114, B06103. (doi:10.1029/
2008JB005644)
18. Huber BT, Norris RD, MacLeod KG. 2002 Deep-
sea paleotemperature record of extreme warmth
during the Cretaceous. Geology 30, 123–126.
(doi:10.1130/0091-7613(2002)030<0123:
DSPROE>2.0.CO;2)
19. Smith AB, Gale AS, Monks NEA. 2001 Sea-level
change and rock-record bias in the Cretaceous: a
problem for extinction and biodiversity studies.
Paleobiology 27, 241–253. (doi:10.1666/0094-
8373(2001)027<0241:SLCARR>2.0.CO;2)
20. Miller KG et al. 2005 The Phanerozoic record of
global sea-level change. Science 310,
1293–1298. (doi:10.1126/science.1116412)
21. Grossman EL. 2012 Applying oxygen isotope
paleothermometry in deep time. Paleontol.
Soc. Pap.
22. Tobin TS, Ward PD, Steig EJ, Olivero EB, Hilburn
IA, Mitchell RN, Diamond MR, Raub TD, Kirschvink
JL. 2012 Extinction patterns, δ18 O trends, and
magnetostratigraphy from a southern high-
latitude Cretaceous–Paleogene section: links with
Deccan volcanism. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 350–352, 180–188. (doi:10.1016/j.
palaeo.2012.06.029)
23. Signor PW, Lipps JH. 1982 Sampling bias,
gradual extinction patterns and catastrophes in
the fossil record. Geol. Soc. Am. Spec. Pap. 190,
291–296.
24. Smith AB. 2001 Large–scale heterogeneity of
the fossil record: implications for Phanerozoic
biodiversity studies. Phil. Trans. R. Soc. Lond. B
356, 351–367. (doi:10.1098/rstb.2000.0768)
25. Benton MJ, Dunhill AM, Lloyd GT. 2011
Assessing the quality of the fossil record:
insights from vertebrates. Geol. Soc. 358,
63–94. (doi:10.1144/SP358.6)
26. Vilhena DA, Smith AB. 2013 Spatial bias in the
marine fossil record. PLoS ONE 8, e74470.
(doi:10.1371/journal.pone.0074470)27. Walker FM, Dunhill AM, Benton MJ. 2020
Variable preservation potential and richness in
the fossil record of vertebrates. Palaeontology
63, 313–329. (doi:10.1111/pala.12458)
28. Dean CD, Chiarenza AA, Maidment SCR. 2020
Formation binning: a new method for increased
temporal resolution in regional studies, applied
to the Late Cretaceous dinosaur fossil record of
North America. Palaeontology 26, 23.
29. Benson RBJ. 2018 Dinosaur macroevolution and
macroecology. Annu. Rev. Ecol. Evol. Syst. 49,
379–408. (doi:10.1146/annurev-ecolsys-110617-
062231)
30. Lloyd GT. 2012 A refined modelling approach to
assess the influence of sampling on
palaeobiodiversity curves: new support for
declining Cretaceous dinosaur richness. Biol.
Lett. 8, 123–126. (doi:10.1098/rsbl.2011.0210)
31. Starrfelt J, Liow LH. 2016 How many dinosaur
species were there? Fossil bias and true richness
estimated using a Poisson sampling model. Phil.
Trans. R. Soc. B 371, 20150219. (doi:10.1098/
rstb.2015.0219)
32. Close RA, Benson RBJ, Alroy J, Carrano MT,
Cleary TJ, Dunne EM, Mannion PD, Uhen MD,
Butler RJ. 2020 The apparent exponential
radiation of Phanerozoic land vertebrates is
an artefact of spatial sampling biases.
Proc. R. Soc. B 287, 20200372. (doi:10.1098/
rspb.2020.0372)
33. Benson RBJ, Campione NE, Carrano MT,
Mannion PD, Sullivan C, Upchurch P, Evans DC.
2014 Rates of dinosaur body mass evolution
indicate 170 million years of sustained
ecological innovation on the avian stem lineage.
PLoS Biol. 12, e1001853. (doi:10.1371/journal.
pbio.1001853)
34. Lloyd GT, Davis KE, Pisani D, Tarver JE, Ruta M,
Sakamoto M, Hone DWE, Jennings R, Benton
MJ. 2008 Dinosaurs and the Cretaceous
Terrestrial Revolution. Proc. R. Soc. B 275,
2483–2490. (doi:10.1098/rspb.2008.0715)
35. Cau A, Brougham T, Naish D. 2015 The
phylogenetic affinities of the bizarre Late
Cretaceous Romanian theropod Balaur bondoc
(Dinosauria, Maniraptora): dromaeosaurid or
flightless bird? PeerJ 3, e1032. (doi:10.7717/
peerj.1032)
36. Carballido JL, Pol D, Otero A, Cerda IA, Salgado
L, Garrido AC, Ramezani J, Cúneo NR, Krause
JM. 2017 A new giant titanosaur sheds light on
body mass evolution among sauropod
dinosaurs. Proc. R. Soc. B 284, 20171219.
(doi:10.1098/rspb.2017.1219)
37. Raven TJ, Maidment SCR. 2017 A new
phylogeny of Stegosauria (Dinosauria,





938. Thompson RS, Parish JC, Maidment SCR, Barrett
PM. 2012 Phylogeny of the ankylosaurian
dinosaurs (Ornithischia: Thyreophora). J. Syst.
Palaeontol. 10, 301–312. (doi:10.1080/
14772019.2011.569091)
39. Arbour VM, Zanno LE, Gates T. 2016
Ankylosaurian dinosaur palaeoenvironmental
associations were influenced by extirpation, sea-
level fluctuation, and geodispersal. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 449, 289–299.
(doi:10.1016/j.palaeo.2016.02.033)
40. Mallon JC, Ott CJ, Larson PL, Iuliano EM, Evans
DC. 2016 Spiclypeus shipporum gen. et sp. nov.,
a boldly audacious new chasmosaurine
ceratopsid (Dinosauria: Ornithischia) from the
Judith River Formation (Upper Cretaceous:
Campanian) of Montana, USA. PLoS ONE 11,
e0154218. (doi:10.1371/journal.pone.0154218)
41. Cruzado-Caballero P, Gasca JM, Filippi LS, Cerda
IA, Garrido AC. 2019 A new ornithopod dinosaur
from the Santonian of Northern Patagonia
(Rincón de los Sauces, Argentina). Cretaceous
Res. 98, 211–229. (doi:10.1016/j.cretres.2019.
02.014)
42. González Riga BJ, Mannion PD, Poropat SF, Ortiz
David LD, Coria JP. 2018 Osteology of the Late
Cretaceous Argentinean sauropod dinosaur
Mendozasaurus neguyelap: implications for basal
titanosaur relationships. Zool. J. Linn. Soc. 184,
136–181. (doi:10.1093/zoolinnean/zlx103)
43. Goloboff PA, Farris JS, Nixon KC. 2008 TNT, a
free program for phylogenetic analysis. Cladistics
24, 774–786. (doi:10.1111/j.1096-0031.2008.
00217.x)
44. Bapst DW. 2012 Paleotree: an R package for
paleontological and phylogenetic analyses of
evolution: analyses of paleo-trees in R. MethodsEcol. Evol. 3, 803–807. (doi:10.1111/j.2041-
210X.2012.00223.x)
45. Laurin M. 2004 The evolution of body size,
Cope’s rule and the origin of amniotes. Syst.
Biol. 53, 594–622. (doi:10.1080/
10635150490445706)
46. Paradis E, Schliep K. 2019 ape 5.0: an
environment for modern phylogenetics and
evolutionary analyses in R. Bioinformatics 35,
526–528. (doi:10.1093/bioinformatics/bty633)
47. Kembel SW, Cowan PD, Helmus MR, Cornwell WK,
Morlon H, Ackerly DD, Blomberg SP, Webb CO.
2010 Picante: R tools for integrating phylogenies
and ecology. Bioinformatics 26, 1463–1464.
(doi:10.1093/bioinformatics/btq166)
48. Hadfield JD. 2010 MCMC methods for multi-
response generalized linear mixed models: the
MCMCglmm R package. J. Stat. Softw. 33, 1–22.
49. Plummer M, Best N, Cowles K, Vines K. 2006
CODA: convergence diagnosis and output
analysis for MCMC. R News 6, 7–11.
50. R Development Core Team. 2019 R: A language
and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical
Computing. See https://www.R-project.org/.
51. Cooper N. 2020 GitHub: nhcooper123/dino-
trees: code for the paper v2. (doi:10.5281/
zenodo.4046877)
52. Bonsor J, Barrett P, Raven T, Cooper N. 2020
Dataset: dinosaur evolutionary rates were not in
decline prior to the K-Pg boundary. Natural
History Museum Data Portal (data.nhm.ac.uk).
(doi:10.5519/0034257)
53. Chiba K, Ryan MJ, Fanti F, Loewen MA,
Evans DC. 2018 New material and systematic
re-evaluation of Medusaceratops lokii
(Dinosauria, Ceratopsidae) from the Judith RiverFormation (Campanian, Montana). J. Paleontol.
92, 272–288. (doi:10.1017/jpa.2017.62)
54. Brown CM, Evans DC, Ryan MJ. 2013 New data
on the diversity and abundance of small-bodied
ornithopods (Dinosauria, Ornithischia) from the
Belly River Group (Campanian) of Alberta.
J. Vert. Paleontol 33, 495–520.
55. Brusatte SL. 2012 Dinosaur paleobiology.
Chichester, UK: John Wiley & Sons.
56. Harvey PH et al. 1991 The comparative method
in evolutionary biology. Oxford, UK: Oxford
University Press.
57. Smith AB. 1994 Rooting molecular trees:
problems and strategies. Biol. J. Linn. Soc. Lond.
51, 279–292. (doi:10.1111/j.1095-8312.1994.
tb00962.x)
58. Crouch NMA. 2020 Extinction rates of non-avian
dinosaur species are uncorrelated with the rate
of evolution of phylogenetically informative
characters. Biol. Lett. 16, 20200231. (doi:10.
1098/rsbl.2020.0231)
59. McGowan A, Smith AB. 2011 Comparing the
geological and fossil records: implications for
biodiversity studies. London, UK: Geological
Society of London.
60. Mannion PD, Benson RBJ, Butler RJ. 2013
Vertebrate palaeobiodiversity patterns and the
impact of sampling bias. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 372, 1–4. (doi:10.
1016/j.palaeo.2012.11.014)
61. Chenet A-L, Fluteau F, Courtillot V, Gérard M,
Subbarao KV. 2008 Determination of rapid Deccan
eruptions across the Cretaceous-Tertiary boundary
using paleomagnetic secular variation: results
from a 1200-m-thick section in the
Mahabaleshwar escarpment. J. Geophys. Res. 113,
B04101. (doi:10.1029/2006JB004635)
